Abstract: This paper provides a new way to identify conditional cooperation in a real-time version of the standard voluntary contribution mechanism. We define contribution cycles as the number of contributors a player waits for before committing to a further contribution, and use a permutation test on contribution cycles to assign a measure of conditional cooperation to each group play. The validity of the measures is tested in an experiment. We find that roughly 20% of the plays exhibit dynamics of conditional cooperation. Moreover, notwithstanding a decline in contributions, conditional cooperation is found to be stable over time.
Introduction
It is a well-established stylized fact that individuals contribute voluntarily to public goods even when material self-interest would make free-riding the individually best option. One of the most widely accepted explanations for this fact is the existence of "conditional cooperators", i.e., individuals who have a taste for reciprocity and are therefore more willing to contribute when others also contribute or are expected to do so. 1 Evidence of conditional cooperation has been found both in controlled laboratory experiments (see, e.g., [1, [5] [6] [7] [8] [9] [10] [11] [12] ) and outside the laboratory (e.g., [2, 13] ). Contributions to public goods are often made over long periods of time with information spill-overs. 2 This structure allows for different manifestations of conditional cooperation than those captured by the existing experimental paradigms. To study conditional cooperation in this context, we consider a real-time version of the voluntary contribution mechanism (henceforth VCM), in which the players contribute incrementally to the public good and can respond dynamically to changes in the other players' contributions [14] . We introduce new measures of conditional cooperation, which allow us to study conditionally cooperative strategies in this dynamic setting. In the following, we first briefly describe the existing paradigms used to study conditional cooperation and then we introduce the new method. Several papers have studied conditional cooperation by eliciting beliefs about others' contributions and then testing whether beliefs vary positively with one's own contributions [2, 5, 13, 15] . A positive correlation between beliefs and choices is interpreted as conveying a willingness to contribute that increases with the others' expected contributions. However, this correlation does not necessarily arise from a causal relationship. For example, a simple alternative explanation is the (false) consensus effect [16, 17] . In the presence of this effect, individuals are likely to use the knowledge of their own choice to predict the choices of others [18] . Hence a positive correlation between beliefs and choices is to be expected regardless of conditional cooperation.
Fischbacher et al. [1] introduced a further paradigm in which participants have to indicate how much they are willing to contribute for each possible value of the others' average contributions. Those who submit a 'contribution schedule' that is monotonically increasing with the others' average contribution are categorized as conditional cooperators. An approach similar to that of Fischbacher et al. was used by Kurzban and Houser [9] , who allowed for repeated revisions of contributions, therefore coming closer to studying dynamic contributions. In each revision step, one participant could revise her contribution after having been informed about the group's current aggregate contribution. The number of revision steps was randomly determined and unknown to the participants. It is worth noting that, although it solves the problem of the correlational approach, Fischbacher et al.'s procedure and its iterated variant are somewhat susceptible to demand effects because the subject is explicitly asked to indicate how much he would contribute for each possible average contribution of the others.
The method we introduce in this paper allows subjects to implement conditional strategies in a dynamic and transparent way, using actual information about others' contributions. Conditional cooperation is then directly measured through the dynamics of actual play. We analyze the actions in the real-time version of the VCM by defining 'cycles' of contribution and applying a permutation test [19] [20] [21] to determine the likelihood of obtaining similar cycles without conditional cooperation. The remainder of the paper is organized as follows. Sections 2 and 3 describe the method and the new 1 Fischbacher et al. [1] and Frey and Meier [2] , among others, suggest that conditionally cooperative behavior can result from preferences for reciprocity (see, e.g., [3] [4] [5] ). 2 Think for instance of committees organized to raise funds for the (re)construction of a church (in Italy churches are built with private money). The campaign to raise funds usually lasts several weeks. Contributors are not forced to fix their contribution at the beginning, but can vary it till the last moment while observing (in an "ad hoc" list) if and how much others have contributed.
measures of conditional cooperation. Section 4 presents the design of an experiment aimed to test and validate our measures. Section 5 discusses the experimental results. Section 6 concludes.
The VCM with Real-Time Contributions
In order to be able to investigate the dynamics of conditional cooperation, we rely on a real-time version of the VCM. 3 Specifically, let I = {1, . . . , 4} stand for a group of 4 people. Each individual i ∈ I is endowed with income e i which can be either consumed privately or contributed to a public good.
Contributions proceed in the following way. During a fixed time interval with duration T (the "round"), each player i can increase her contribution from 0 to anything up to e i in single-unit increments. The player's contribution at the end of the allotted time interval is taken to be her contribution for that round. Denoting the level of i's contribution at time t by c i,t (i ∈ I, 0 ≤ t ≤ T ) the monetary payoff of i is given by
where α < 1 < nα.
The current contribution status is observable by all players and updated in real time. 4 Hence, player i's strategy determining the probability of making an increment to c i,t at any time t < T is
where the current history H t includes the sequence of previous increments in contributions. 5 This procedure allows potential contributors to wait, observe what the others do, and then determine whether or not to "commit" to a further contribution. Conditionally cooperative individuals are expected to start contributing and then hold off their contribution until they see the others' response. 6 More formally, if we construct H ′ t to be H t with an additional contribution increment from player j ̸ = i, a conditionally cooperative strategy σ i,t would assign a higher probability of increasing c i,t to H ′ t than to H t .
New Measures of Conditional Cooperation
Each round of the game described above results in a final history or contribution vector, in which the value of each coordinate indicates the identity of the player increasing her contribution by one unit. 3 The real-time protocol of play has been introduced by Dorsey [14] and subsequently employed by [22] [23] [24] [25] . None of these studies, however, used the dynamics of contributions during the round to directly ascertain conditional cooperation. 4 Although zero contribution is no longer a dominant strategy under the assumption of identical selfish players who maximize their own monetary payoff, zero contribution by everyone is the unique equilibrium of the game. Let S ⊆ T be the set of all t such that σ i,t > 0 for some i ∈ I, and definet = max t∈S t. A contribution of player j at timet strictly reduces j's payoff (∀j ∈ I). Therefore S must be empty in equilibrium. 5 H t may be also taken to include the timing of all previous increments. 6 Ostrom [26] suggests that conditional cooperators are willing not only to cooperate if others do so, but to initiate cooperative actions when no cooperation norm has been set up. 7 For example, the vector H T = (3, 4, 4, 1, 1, 3) indicates that player 3 was the first to contribute one unit, then player This contribution vector reflects the dynamics within the round. To assess conditional cooperation as manifested within the contribution vector, we examine contribution cycles. A contribution cycle is defined as the partial history between consecutive increments of a single player's contribution. Thus, the total number of cycles of player i is
In the following we shall focus on a special case of conditionally cooperative strategies that are sensitive only to the history within the current contribution cycle. Accordingly, we wish to test whether player i is a conditional cooperator in the sense that she is more willing to increase her contribution if she observes that the others increased their contributions since her last increment. To this aim, we define the cycle length of the k th cycle of player i, denoted by CL i,k , as the number of players appearing in i's cycle,
8 Intuitively, the cycle length can be used as a measure of conditional cooperation because the mean cycle length of the group (henceforth M CL) increases if the group members are more likely to add an increment to their contribution the more fellow players are observed to contribute. To validate the M CL as a measure of conditional cooperation, we compare the M CL in the VCM with real-time contributions (where increments in contributions are observable) and in the standard simultaneous VCM. We find that the M CL is significantly higher when increments are observable, thereby supporting the validity of our measure. However, we note that the M CL is sensitive to the group contribution levels and therefore to the unconditional probability to contribute. More specifically, the M CL may be higher in the VCM with real-time contributions simply because people tend to contribute more when they are observed, even if the observers' actions are not affected by this monitoring. Previous research has shown that the willingness to contribute increases with high accountability, as decisions are made public after the game [27] . Therefore increased accountability in the form of revealing the contribution process to the other players may, in itself, lead to higher tendency to contribute, and hence to higher M CL.
Furthermore, the M CL can be responsive to heterogeneity in contributions.To see this, consider the following hypothetical contribution vectors:
In vectors (a) and (b), players 1 and 2 contribute 5 units each and players 3 and 4 contribute 0, whereas in vector (c) all players contribute 5 units. The M CL is 2, 1, and 2 in vectors (a), (b), and (c), respectively. Vector (a) reflects perfect conditional cooperation between two players, whereas vector (b) reflects minimal conditional cooperation. This is indicated by the higher M CL of vector (a). In fact, 2 is the highest possible M CL given the group contributions in vectors (a) and (b). However, the M CL in vector (c), though identical to that in (a), falls shy of perfect conditional cooperation possible with the contribution profile in (c). Thus, the same mean cycle can reflect different level of conditional cooperation with different levels of heterogeneity in contributions.
To capture this difference as well as to account for the absolute levels of contribution, we develop a second measure of conditional cooperation, which takes into account the various levels of conditional cooperation that are attainable with the observed contribution profile. The new measure is defined as the level of significance derived from a random permutation test of the null hypothesis that the order of contribution increments within the round is random [20, 28] . More specifically, we generate a null-hypothesis distribution of mean cycle lengths, based on random permutations of the observed contribution vector, and take the relative position of the observed M CL in this distribution as a measure of conditional cooperation. We refer to this measure as 'normalized mean cycle length' (henceforth N M CL).
The hypothesis used to generate the null-hypothesis distribution is that, at any point in time, all players who intend to increase their contributions are equally likely to do so. Thus, having observed contributions by others in the current cycle, or indeed at any time, does not affect the next contribution decision. Only the intended final contribution of the player determines the probability of her being the next to increase her contribution. Specifically, the sequence-generating procedure we use is the following: in each step of the procedure, one of the players in the group is randomly selected (with equal probabilities) to make the next contribution increment, as long as this player's (observed) full contribution is not already accounted for in the contribution sequence. This is repeated until all players have contributed their observed final amounts. Each contribution sequence obtained in such a way reflects one possible history leading to the observed final contribution levels and is in line with the null hypothesis of randomness. 9 For each randomly generated contribution sequence we calculate the M CL. The proportion of resulting mean cycle lengths which are shorter than the observed M CL is taken as the measure of conditional cooperation. Thus, if behavior in the game is random, the N M CL should be uniformly distributed over the interval [0, 1]. Conversely, low and high values of the N M CL provide evidence for non-random behavior. Low values indicate that a contribution increment is more likely to come from a player who has made a recent increment than from other players. High values indicate the opposite, i.e., a player who made a recent increment is more likely to wait for others to contribute before making a further increment in her own contribution. Specifically, values greater than 0.95 point to significant conditional cooperation.
Experimental Design
In the following experiment we test the validity of our two new measures. We compare the performance of the M CL and the N M CL in two treatments that differ only in whether or not the others' actions are observable within the round. As conditional cooperation depends on the observability of the fellow members' contribution increments, our measures are validated if they indicate higher conditional cooperation under observability.
The basic game is the standard linear VCM with the real-time protocol of play described in Section 2. Groups of size 4 interact for 4 rounds in a partners design. The duration of each round T is set to 180 seconds, and the marginal per-capita return α in payoff function (1) equals 0.5. Individual endowments are asymmetric [29] : in each four-person group, two "rich" members are endowed with 15 ECU and two "poor" members with 5 ECU, 10 i.e. e 1 = e 2 = 15 and e 3 = e 4 = 5. 11 The type of each participant (either rich or poor) is randomly assigned at the beginning of the experiment and kept constant over an entire experimental session. The distribution of endowments is common knowledge, i.e., subjects know the others' individual endowment. During each round, subjects receive on-screen information about the time (in seconds) elapsed in the round. The same screen informs each subject about her type, her initial endowment, her current level of contribution and her remaining endowment. In the instantaneous feedback treatment (henceforth IF treatment), participants can observe, in real time, the current contribution of the other group members, each of whom is identified by her type (rich vs. poor). In the standard feedback treatment (henceforth SF treatment), participants are informed about the individual contributions in their group only at the end of the round.
The computerized experiment was conducted at the laboratory of the Max Planck Institute in Jena. The experiment was programmed via z-Tree [30] . Participants were undergraduate students from different disciplines at the University of Jena. After being seated at a computer terminal, they received written instructions (see the online supplementary file for an English translation), which were also read aloud to establish public knowledge. Understanding of the payoff procedure was assured by a control questionnaire that subjects had to answer before the experiment started.
In total, we ran six sessions (three per treatment). Each session involved twenty-four participants. Because of the partner design, this yields 18 independent observations for each treatment. Sessions lasted, on average, an hour. Subjects received their accumulated round payoffs (plus a show up fee of e2.50) at the end of the experiment. Excluding the show-up payment, the average earnings per subject were e8.11. Table 1 presents descriptive statistics of the rich and the poor group members' final contributions as well as of the group's final contributions. Consistent with previous experimental results (e.g., [31] ), mean group contributions begin high (overall, they start at 70% and 62% of the group total endowment in IF and SF , respectively) and decline with repetition (in the last round, the overall mean stands at 47% and 33% of the total endowment in IF and SF , respectively). 12 The decline in contributions between the first and the last round is statistically significant for both treatments (p = 0.013 for the IF treatment, p < 0.001 for the SF treatment, two-sided Wilcoxon signed rank test with continuity correction).
Experimental Results
13 10 ECU is the experimental currency unit, which is converted to euro at the end of the experiment with a conversion rate of 1 ECU = 5 euro-cents. 11 Asymmetric endowments provide the worst conditions for the emergence and evolution of conditional cooperation. If our measures detect conditional cooperation in this setting, they would perform at least equally well in a symmetric scenario. 12 In a setting similar to our SF treatment, Levati and Neugebauer [8] found that average group contributions were about 65% (20%) of the group endowment in the first (last) period. 13 The non-parametric tests reported in this section rely on independent group observations. Comparing the two treatments, we find that, in line with the findings of Kurzban et al. [25] , providing real-time information about the others' behavior significantly raises average contributions (p = 0.028, one-sided Wilcoxon rank sum test with continuity correction). Additionally, there is also more full free-riding (contributions of zero) in the SF treatment than in the IF treatment (14.93% versus 3.13% overall). Thus, the possibility of naturally implementing conditional strategies fosters contributions.
Having replicated previously established contribution patterns, we now turn to analyze the performance of our two measures in the current data. Since the cycle length of the four members of a group within a round are interdependent and constrained differently for the two player types (rich vs. poor), 14 in the following analysis we differentiate between types. Table 2 provides descriptive statistics on the observed cycle lengths. Cycle lengths in the IF treatment significantly exceed those in the SF treatment for both the rich and the poor group members (p < 0.001 for both comparisons; Wilcoxon rank sum test). Figure 1 presents histograms of the observed cycle lengths over all groups and rounds separately for each treatment and each player type. The distributions shift to the right in the IF treatment, confirming higher mean cycle lengths under observability of the others' contribution increments. Thus, our first measure of conditional cooperation, the M CL, gains construct validity. Nonetheless, as observed in Section 3, this result may be due to the higher contribution levels in the IF treatment. Accordingly, we proceed to construct our second measure of conditional cooperation, the N M CL, which takes into account the observed contribution levels. We use the null hypothesis generation process described in Section 3 to compute the N M CL first at the treatment level (i.e., averaging over rounds and groups in each treatment), and then separately for every round and every group within a treatment. To calculate the N M CL at the treatment level, we perform 30,000 permutations of our data set to generate, for each treatment, a distribution based on the null hypothesis that each contribution is equally likely to come from any of the players who have not yet contributed their observed final amounts. Thus, each permutation consists of 72 newly-generated random contribution sequences that correspond to the 72 actual, observed outcomes in each treatment (one outcome for each group and each round). Then, for each one of these 30,000 permutations we calculate the mean M CL in the treatment (averaging over groups and rounds, as the observed means presented in Table 2 were calculated) so as to obtain a distribution of 30,000 M CLs. 15 The N M CLis determined by the relative position of the observed M CL within the distribution thus generated. A high relative position (or a high N M CL) not only means that the null hypothesis of randomness in the observed cycle lengths can be rejected, but also reflects conditional cooperation. On the other hand, a low relative position (or a low N M CL) indicates 15 Since the analysis is done at the group and round levels and some players contributed less than 2 ECU within a round, there are some missing values in the cycle lengths. In particular, the M CL is not defined in 3 out of 72 cases for the poor members in IF and in 6 out of 72 cases for the rich members in SF .
not only non-randomness but also separation of the contributions over the round, which we refer to as time separation. The results are reported in Table 3 . In the IF treatment, the observed M CL of the poor players is higher than all 30,000 randomly generated M CLs (the N M CL is higher than 0.999), and the observed M CL of the rich players is higher than all but 53 of the 30,000 randomly generated M CLs (the N M CL equals 0.996). These results provide strong evidence for conditional cooperation in the IF treatment. Conversely, in the SF treatment, the observed M CL of both player types is lower than all randomly generated M CLs, providing strong evidence for time separation due to differences in speed or patience across subjects. These findings offer construct validation for our second measure.
Next we use our measure to classify conditionally cooperative dynamics by groups and rounds, separately for the two poor members and the two rich members. We generate 10,000 additional random contribution sequences for each group and round, and compute for each sequence the M CL of the poor and rich group members. 16 The relative position of the observed M CL within the corresponding randomly generated distribution (i.e., the N M CL at the group and round level) reflects a measure of conditional cooperation. These N M CLs are expressed as percentiles in Figure 2 . The difference between the top graphs in Figure 1 and Figure 2 is striking: in the IF treatment, the simulation analysis makes the evidence for conditional cooperation jump out of the raw cycle lengths data. Without conditional cooperation or time separation, the distribution of percentiles is expected to be uniform. On the contrary, the two distributions in the SF treatment reflect a tendency for time separation in around 25-30% of all rounds (see bottom graphs in Figure 2 ). The two distributions in the IF treatment reflect a tendency for both conditional cooperation and time separation (see top graphs in Figure 2) . Specifically, 15 out of 72 rich member-observations and 19 out of 69 poor member-observations (20.8% and 27.5%, respectively) are in the top 5% of their corresponding randomly generated distribution; 12 rich member-observations and 13 poor member-observations (16.7% and 18.8%, respectively) are in the bottom 5% (see Table 4 ). For all of the top-and bottom-intervals mentioned above, the expected proportion of 5% is well outside the 95% confidence intervals depicted in Figure 2 . A one-sample Kolmogorov-Smirnov test confirms that all four distributions differ significantly from the uniform distribution (p < 0.005 in all cases). Finally, we look at the development of cycle lengths over time. A comparison of the M CLs in the first and last rounds shows a significant decrease only for the poor group members in the IF treatment (p = 0.022 according to a Wilcoxon signed rank test; p > 0.05 for the rich members in IF and for both types in SF ). To investigate whether this decline indicates less conditional cooperation or is merely due to changes in the contribution levels, we turn again to the randomly generated distributions and perform a Wilcoxon signed rank test on the relative positions of the observed cycle lengths therein. Controlling for the effect of the different contribution levels in such a way causes the decline to disappear (p = 0.246). Specifically, 6 out of 18 groups are in the top 5% of their corresponding randomly generated distribution in both the first and the last round. 17 
Conclusion
In this paper we provided a new way of detecting conditional cooperation in a standard linear voluntary contribution mechanism. In order to allow subjects to endogenously implement conditional strategies, we relied on the real-time protocol of play. Within this context, we studied contribution strategies by introducing the concept of "cycle length", which is derived from the sequence of contributions within a round. We complemented the measure of conditional cooperation based on the raw mean cycle length with an additional measure that takes into consideration the observed contribution profiles, thus allowing us to study the dynamics of conditional cooperation regardless of changes in the final contribution levels. To validate our measures, we compared behavior in a treatment where individual decisions were instantaneously transmitted to all partners (the so-called IF treatment) to behavior in a standard control treatment where conditional strategies within a round were ruled out.
In line with the results of Kurzban et al. [25] , our experimental data indicate that allowing subjects to observe their partners' actual contributions before committing to a further contribution-namely, 17 Of less interest is a significant increase for the poor group members in the SF treatment, which suggests diminished time separation. This may be due to the fact that in the first round some subjects take longer than others to decide on their contribution. More specifically, the relative position of 9 out of 18 groups in the first round is in the bottom 5% whereas no group lies in the lowest percentile in the last round. This interpretation is in line with the decline in average waiting time between two consecutive contributions observed in the SF treatment.
allowing for conditional cooperation-significantly increases average contributions. The sequences of contributions within a round enable us to determine how this occurs. We observe that compared to the control, the IF treatment engenders not only higher contribution levels, but also significantly higher cycle lengths. This suggests that, throughout the round, subjects tend to increase their contribution in small increments, waiting for others to contribute as well before making an additional contribution.
Although the IF treatment yields higher contributions than the control, contributions in both treatments significantly decline over as a few as four rounds, therefore resembling the typical pattern of standard public goods experiments. It would be tempting to conclude that, in the IF treatment, this is due to a breakdown in conditional cooperation. Yet, our analysis reveals that subjects continue to behave in a conditionally cooperative way within the bounds of the diminished contributions. This may be a result of some subjects attempting (mostly unsuccessfully) to reestablish conditional cooperation. Thus, our method corroborates the conclusion of Fischbacher and Gächter [12] , without assuming stationary strategies.
Previous research mostly focused on individual preferences for conditional cooperation to conclude that approximately 50% of the studied population is conditionally cooperative (see, e.g., the survey by Gächter [11] ). Looking at the group dynamics, we observe that over 20% of round plays result in a normalized measure larger than 0.95, therefore exhibiting conditional cooperation.
To sum up, by introducing the analysis of cycles in the sequence of contributions and using round-specific randomly generated counterfactual data, we were able to establish and validate two new measures for conditional cooperation. Our experiment illustrates how our normalized cycle length measure can be used to study issues of conditional cooperation in real-play dynamics independently of final contributions.
